ABSTRACT
Introduction
The recognition and treatment of cobalamin (Cbl) deficiency is important, as it has been identified as a reversible cause of many hematopoietic and neurological diseases [1] . While a low Cbl status has been associated with pernicious anemia, leukopenia, thrombocytopenia, and even bone marrow dysfunction as the main hematopoietic presentations [1] , subacute combined degeneration, polyneuropathies [1] , dementia [2] , depression [2] , anxiety [2] , and stroke [3] have also been documented to be related neurological diseases. Due to the fact that the clinical phenotypes of Cbl deficiency vary according to the level of involvement between the hematologic and nervous systems, it is often overlooked in clinical practice. Aside from sub-acute combined degeneration and polyneuropathies, the best known neurological presentations, the association between Cbl deficiency and cognitive impairment has been gaining attention recently. Although the negative impact of Cbl deficiency on cognition has been reported in several studies [4] [5] [6] [7] [8] , the causality is unclear. One of the major issues is that the reported therapeutic responses after Cbl supplement therapy differ. Some cohort studies have shown promising results of Cbl supplement therapy in treating neuropsychiatric abnormalities related to Cbl deficiency [9, 10] , whereas other large-scale, prospective studies have failed to replicate these positive results [11, 12] . Such inconsistencies in the response to Cbl supplement therapy might allude to the roles of other clinical and biochemical mediators. One observational study, in which patients with heterogeneous types of dementia were recruited, identified that patients with mild-to-moderate dementia responded better to Cbl supplement than those who were severely demented [10] . Stabler, et al. found that levels of methylmalonic acid and/or total homocysteine were elevated in 94% of Cbl-deficient patients with satisfactory hematological or neurological responses to replacement therapy [13] . In a randomized placebo-controlled study, a subgroup of patients with a level of methylmalonic acid between 0.60 Cbl supplement therapy. DWMHs may be of determinant role in the pathogenesis of Cbl deficiency-related cognitive dysfunction.
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Research Min-Chien Tu ton pump inhibitors [23] , and pernicious anemia [24] were comprehensively reviewed. The inclusion criteria were: (1) a Cbl serum level ≤ 250 pg/mL [15] ; and (2) complete clinical registry and serological evaluations. The exclusion criteria were: (1) delirium state; (2) severe psychiatric disorders; (3) stroke event within the previous 2 weeks; (4) serum folate level < 2 ng/mL [25] ; (5) derangement in serology tests contributing to cognitive impairment, such as abnormal free T4, cortisol, or rapid plasma reagin; and (6) severe hearing or visual impairment. The study was approved by the Institutional Review Board of our hospital (REC 103-47).
Serology tests
Antecubital venous blood after an 8-hour fast was collected for hemograms and levels of serum creatinine, homocysteine, folate, Cbl, free T4, thyroid stimulating hormones, cortisol (8 a.m.), and rapid plasma reagin. The samples were collected in evacuated tubes containing EDTA, centrifuged within 10 minutes and stored below -20°C until being analyzed.
Cognitive evaluations
For patients with cognitive complaints, cognitive evaluations were routinely performed. Each assessment included Clinical Dementia Rating (CDR) [26] , the Taiwanese version of the MiniMental Status Examination (MMSE) [27] , and Cognitive Abilities Screening Instrument (CASI) [28] . The CDR is a semi-structured interview with the patients and reliable informants. It involves six domains of cognitive and functional performances, including memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care. An overall score is reached according to a standardized algorithm. A CDR score of 0 indicates no cognitive impairment, and the remaining four scores represent various stages of severity (CDR-0.5: very mild; CDR-1: mild; CDR-2: moderate; CDR-3: severe) [26] . The MMSE assesses the global cognition of subjects. The CASI provides quantitative assessments of nine cognitive domains including attention, orientation, short-term memory, long-term memory, language ability, drawing, verbal fluency, abstract thinking and mental manipulation [28] . Higher scores on the MMSE and CASI represent better cognitive performance. The total scores of the CDR, MMSE, and CASI, as well as sum-of-box of CDR and CASI index scores were recorded for analysis. The same cognitive evaluations were assessed again after normalization of serum Cbl. All of the subjects were free of psychotropic medications in the 2 weeks prior to the cognitive evaluations. Therapeutic responses were dichotomized according to MMSE changes (ΔMMSE=re-test MMSE -initial MMSE). Poor responders were defined as those with a decline in MMSE score (ΔMMSE < 0), whilst good responders were defined as those with an improved or no change in MMSE score (ΔMMSE ≥ 0). The rationale for using a dichotomized result was based on a previous study in which the average annual decline in MMSE score for a population of patients with dementia ranged from 1.8 to 6.7 points [29] .
White matter hyperintensity (WMH) assessments
For patients with cognitive complaints, brain magnetic resonance imaging (MRI) was performed on a 3.0T scanner (Discovery MR750, GE Medical System, Milwaukee, WI). WMHs were rated in accordance with Scheltens scale [30] from T2-fluid-attenuated inversion recovery (T2-FLAIR) sequences in an axial plane by a single rater (Min-Chien Tu). The parameters were as follows: repetition time 12000 msec, echo time 120 msec, inversion time 2200 msec, slices thickness 5 mm, field of view 24 cm, and matrix 256 x 256. Scheltens scale is a semi-quantitative visual rating method for WMHs with good intra-and inter-observer reliability [30] . For analysis of both the number and volume of WMHs, anchored 7-point severity ratings were applied in four regions, including periventricular (i.e., frontal horn, occipital horn, and lateral bands), deep (i.e., frontal, temporal, parietal and occipital lobes), basal ganglia (i.e., caudate nucleus, putamen, globus pallidus, internal capsule and thalamus), and infratentorial (i.e., mesencephalon, pons, medulla oblongata, and cerebellum) areas. We did not assess infratentorial regions due to the limited impact on cognition.
Statistical analysis
Shapiro-Wilk test was used for confirming normality [31] . Independent-sample t and χ 2 tests were used to detect group differences in demographic, morphometric and psychometric data where appropriate. Paired t-tests were used to compare cognitive performance of temporal pairs of observations (i.e., before and after treatment). Cohen's d was used to determine the effect size on comparing two groups of similar size and standard deviation [32] . Hedges' g was used Neurological presentations and therapeutic responses to cobalamin deficiency alternatively under the condition that different standard deviation was identified by Levene test [33] . According to Cohen's guidelines for interpreting measure of effect size, a Cohen's d value of 0.10, 0.30, and 0.50 corresponds to the effect that could be described as small, median, and large, respectively [33] . For Hedges' g, a value of 0.2 is considered to be small, 0.5 is a median effect, and 0.8 or greater is large [33] . Analysis of covariance (ANCOVA) was applied to determine certain variables that predict the outcome after elimination of some other confounds. All statistical tests were performed using IBM SPSS Stastistics version 19. A p value less than 0.05 was considered to be statistically significant.
Results

Table 1
shows the general clinical information of 50 participants with Cbl deficiency. The level of serum Cbl ranged from 104 to 250 pg/ml (mean = 194.7 pg/ml; standard deviation = 40.6 pg/dl), and was not significantly correlated with mean corpuscular volume (ρ = -0.085, p = 0.580), MMSE (ρ = -0.154, p = 0.349), or CASI (ρ = -0.150, p = 0.362). The level of both serum Cbl (ρ = -0.322, p = 0.035) and folate (ρ = -0.332, p = 0.030) had significant inverse correlation with homocysteine. With regards to predisposing factors of Cbl deficiency, 14 patients (28%) were vegetarians, 10 (20%) had used metformin for more than 16 weeks (long-term use), two were both vegetarian and long-term metformin users, two were alcoholics, and one had received a partial gastrectomy. None of the patients had a chronic infection or the long-term use (> 6 years) of H2 blockers or proton pump inhibitors. While four patients had macrocytosis (mean corpuscular volume >100 fL) [34] , only two had macrocytic anemia, which had not yet been confirmed as pernicious anemia [24] .
With regards to neuropsychiatric presentations, 39 patients (78%) had cognitive complaints, mostly in the form of memory or dysexecutive problems. Figure 1 illustrates the composition of the CDR score of the 39 patients with cognitive complaints. Their initial cognitive symptoms mainly manifested as memory complaints (32 patients; 82%), followed by judgment and problem solving (23 patients; 59%) and orientation (23 patients; 59%). During the initial assessment, 28 patients (72%) had cognitive complaints with very-mild severity (CDR = 0.5), and 11 patients (28%) had a CDR score ≥ 1. 
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Other common presentations included dementia (38%), anxiety (38%), cerebrovascular disease (28%), and depression (20%) ( Table 1) . Of 14 patients with cerebrovascular disease, eight (57.1%) had recurrence and five (35.7%) had related major intracranial artery occlusion (two with internal carotid artery and three with middle cerebral artery occlusion) revealed on MR angiography. With regards to the type of cerebrovascular disease, one patient had an intracranial hemorrhage and another had frequent transient ischemic attacks. The remaining 12 patients (85.7%) had ischemic stroke, including eight with large-artery atherosclerosis and four with small vessel occlusion. No cardioembolisms were noted [35] . Polyneuropathy and cranial neuropathy were noted in only 12% and 4% of the patients, respectively. Of six patients with polyneuropathy, profound sensory complaints were the uniform clinical presentation. Of these six patients, four had sensorimotor demyelinating polyneuropathy, one had sensorimotor axonal polyneuropathy, and one had small-fiber polyneuropathy [36] . There was no overlapping clinical phenotype between polyneuropathy and cranial neuropathy.
Thirty patients had complete cognitive evaluations before and after Cbl supplement therapy (mean treatment duration = 16.3 weeks, standard deviation = 7.9 weeks; mean corrected vitamin level = 705.0 pg/ml, standard deviation = 285.0 pg/dl). All patients had CDR ranging from 0.5 to 1. Sixteen and 14 patients were categorized as good and poor responders, respectively. Of the 16 good responders, 10 had an improvement in the MMSE ≥ 2, three had an improvement of 1, and three had the same MMSE score as at the initial assessment. The response rate was 53.3% (Table 2) . Overall, there was only a trend in improvement in the total MMSE and CASI scores. However, there was a significant benefit on the cognitive domains of short-term memory and verbal fluency (both p < 0.05). Of the good responders, the benefit of treatment was most evident in total MMSE score (p < 0.01) and short-term memory domain (p < 0.05). There was a trend of general improvement in the rest of the cognitive parameters, except for long-term memory and drawing. For the poor responders, a significant decline of MMSE was noted (p < 0.05). Table 3 shows comparisons between the good and poor responders of Cbl supplement therapy. No differences in demographic data (i.e., age, education, gender, chronic diseases, and neuropsychiatric comorbidities) and initial cognitive evaluations (i.e., MMSE, CASI, and CDR) were noted. However, the response rate in male and female patients was 33.3% and 66.6%, respectively. In serology tests, the good responders had a higher initial serum folic level than the poor responders (p < 0.05; Cohen's d = 1.044). Comparisons in the level of initial/ corrected Cbl were not significant. There was no significant difference in the level of initial (male: 190.9 ± 38.6, female: 191.9 ± 31.6, p = 0.943) and corrected Cbl levels (male: 1089.0 ± 1000.5, female: 810.0 ± 504.8, p = 0.459) with regard to gender. There was a trend of higher serum homocysteine level among the good responders, yet not reaching statistical significance. With regards to WMH assessments, the poor responders had a greater total WMH load and deep white matter hyperintensities (DWMHs) 【both p < 0.05; Hedges' g of total WMHs = 0.8429, Hedges' g of DWMHs = 0.8890】. With regards to segregated regions, the poor responders had more DWMHs in frontal, parietal, occipital, and temporal regions (all p < 0.05). There was a significant effect of serum folate level on ΔMMSE after controlling for the effect of total WMHs and DWMHs【 F(24,1) = 2.26, p < 0.0001】.
Discussion
In this study, we described the clinical phenotypes of Cbl deficiency and investigated associations between therapeutic responses and clinical profiles. Our findings suggest dissociation between neurological and hematological involvement in patients with Cbl deficiency. Our preliminary results also support the benefit of replacement therapy in some patients with Cbl deficiency on the basis of standardized cognitive evaluations. Moreover, we identified that pretreatment serum folate levels and baseline WMH load could predict responses to subsequent Cbl replacement treatment. The current study also offers further insight into the pathogenesis of Cbl deficiency, and clarifies the role of biochemical and neuro-radiological factors.
The analysis of baseline biochemical factors showed an interaction between Cbl and folate. In the context of Cbl deficiency, the patients with a lower, while still normal, serum folate level (10.0 ± 4.9 ng/mL) tended to have a worse response to Cbl supplement therapy than those with a higher level (16.8± 7.8 ng/mL). The impact of serum folate level on cognition changes remained to Neurological presentations and therapeutic responses to cobalamin deficiency be significant even after controlling the effect of WMHs. This seems reasonable, as a low serum folate level has also been correlated with the severity of cortical atrophy [37] and worse cognitive performances [38] . From a biochemical perspective, both Cbl and folate are thought to be essential in maintaining homeostasis of the nervous system, as they share some common pathways and act as critical enzymatic cofactors that reduce levels of the pro-oxidant homocysteine in the S-adenosylmethionine cycle [39] . However, some epidemiological studies have suggested that the impact of these two substances on cognition may be modified by various biochemical conditions. A large crosssectional survey reported that patients with a low serum Cbl level (< 65.3 ng/mL) and high serum folate concentration (> 26.0 ng/mL) were at greater risk of cognitive impairment, compared to those with a low serum Cbl level and normal serum folate concentration [40] . Conversely, in the same cohort, a high folate concentration was found to be a protective factor in elderly patients with a normal serum Cbl level, and a high serum folate concentration was associated with less cognitive impairment compared to those with a normal serum folate concentration [40] . Another prospective study also reported that a faster rate of cognitive decline was associated with high folate intake, regardless of the source of intake (e.g., food and/or folate vitamin supplementation). In addition, those with a high folate intake (median, 742 µg/d) had a significantly faster rate of cognitive decline than those with a low intake (median, 186 µg/d) [41] . These unexpected findings raise the concern of folate fortification, as this may mask the neurological complications related to Cbl deficiency [41] and possibly impair the activity of the two Cbl-dependent enzymes, methionine synthase and MMA-coenzyme A mutase [40] . Our cohort received no folate supplementation, and their serum folate concentrations were still below the previous warning level (26.0 ng/ mL). We therefore suggest that a synergistic benefit of folate and Cbl on cognition still exists when the serum folate level is controlled within an acceptable range (16.8~24.6 ng/mL). Besides, a trend of higher serum homocysteine level among the good responders also corroborated the previous study [13] , in which hyperhomocysteinemia was identified among the majority of Cbl-responsive patients. Taken together, we regarded serum homocysteine level to be a biological indicator for Cbl-deficient state and a potential prognostic factor.
From our neuro-radiological observations, total WMH load and DWMHs had a large power in predicting therapeutic responses among patients with Cbl deficiency. WMHs have been associated with cognitive decline [42] , dementia [43] , and a higher dementia conversion rate [44] . However, such associations appear to be modulated by load and spatial distribution of the lesions [45, 46] . Current WMH studies often classify lesions into DWMHs and periventricular white matter hyperintensities (PWMHs), given that their appearances have overlapping but distinct pathogeneses and clinical significance [47, 48] .
Histopathologically, DWMHs but not PWMHs
Research Min-Chien Tu correlate with the severity of demyelination of the corresponding area, and their volumes correlate with the presence of cortical infarcts and cerebral hemorrhage [49] . PWMHs, on the other hand, correlate with the severity of atherosclerosis [49] . Clinically, although age has been shown to be significantly associated with the severity of both PWMHs and DWMHs, hypertension and diabetes mellitus have been more strongly associated with severe DWMHs [48] . Increasing evidence has also shown the different impact of DWMHs and PWMHs in patients with Neurological presentations and therapeutic responses to cobalamin deficiency dementia or mild cognitive impairment. Some researchers have emphasized the detrimental role of frontal PVMHs on related cognitive function and/or decline [45, 46] , whilst others have reported negative but dissociative domainspecific impacts resulting from both DWMHs and PWMHs [50] . We therefore assume that the total WMH load and DWMHs represented more powerful biomarkers than PWMHs, as they reflected a reduced brain reserve. Moreover, the existence of WMHs may represent damage far beyond cerebral vascularity. WMHs have frequently been identified with vessels affected by small vessel disease [51] , in which chronic hypoperfusion of the white matter and disruption of the blood-brain barrier is regarded as the main pathogenesis. Pathological studies have further identified pallor myelin, tissue rarefaction associated with the loss of myelin and axons, and mild gliosis in the regions of WMHs [52, 53] . The accrual of WMHs seems to be associated with neurobiological properties in patients with low Cbl and folate levels. Both folate and Cbl deficiencies have been associated with impaired myelin integrity and nerve cell homeostasis, potentially through mechanisms of homocysteine-induced increased neurotoxicity, vasotoxicity, and inefficient S-adenosylmethionine methylation [54, 55] . Therefore, the existence of WMHs represents a surrogate marker of damage to nerve cells, myelin, and microvasculature.
Although we were unable to identify a potential cognitive marker to predict the therapeutic response, Cbl supplement therapy was shown to exert domain-specific benefits. Overall, the performance of short-term memory and verbal fluency improved. Among the good responders, profound improvements in short-term memory and global cognitive score serve as robust evidence for the prompt correction of Cbl deficiency. Our results provide an interesting parallel to the report of Kalita, et al. in which a profound improvement in hospital anxiety depression scores and a concomitant benefit in executive function were identified after Cbl supplement therapy [14] . Both studies reported benefits in verbal fluency, suggesting that frontalsubcortical circuit dysfunction is one of the main pathogenesis related to Cbl deficiency [14] . This hypothesis is also supported by a functional imaging study, in which hypoperfusion within frontal regions and basal ganglia were associated with dysexecutive syndrome in patients with Cbl deficiency [7] . Additionally, we also found therapeutic benefits in short-term memory, in which both frontal and temporal lobes are regarded as pivotal neural substrates. The cognitive profile in our cohort is compatible with previous literatures, as dysfunction of fronto-temporal regions has been implied in both electrophysiological [14] and functional imaging studies [7] . Together with our study, the importance of prompt recognition and treatment of Cbl deficiency should be highlighted, in the hope of reversing cognitive impairment before brain volume shrinkage.
It may be argued that the results can be explained by co-existing neurodegenerative diseases such as Alzheimer's disease (AD), since a subset of patients had a non-preferable therapeutic response. However, the changes in cognitive profiles among the patients in the current study are far different from therapeutic responses identified in patients with AD, where benefits from cholinesterase inhibitors mainly occur in attention, executive, language and visuospatial functions, in the presence of inevitable declines in global cognitive score [56, 57] . As none of our patients received cholinesterase inhibitors during Cbl supplement therapy, the reversibility and unique domain-specific benefits corroborate that the cognitive deficits in our cohort were primarily due to Cbl deficiency.
The descriptions of the predisposing factors and clinical phenotypes related to Cbl deficiency are also of clinical value. Common causes of Cbl deficiency in the elderly include food-cobalamin malabsorption, pernicious anemia, and dietary deficiency [21] . Around a quarter and one fifth of the patients with Cbl deficiency were vegetarians (dietary deficiency) and long-term metformin users (food-cobalamin malabsorption), respectively. Still, a considerable subset of the patients had no predisposing factors according to their medical history. As most of our patients received therapy with oral supplements, atrophic gastritis may explain a poor response to Cbl supplement therapy [21] .
Except for the strong association with cognitive deficits, the prevalence of recurrent stroke and major cerebral vascular diseases in our cohort appeared to be higher than that expected in stroke patients. Previous studies have reported an annual recurrence rate of 4-14% in large-scale ischemic stroke registries [58] [59] [60] [61] , and 14.18% and 5.17% of stroke patients were diagnosed with middle cerebral artery and intracranial internal carotid artery occlusion, respectively, Research Min-Chien Tu under MRI screening in the Chinese Intracranial Atherosclerosis Study [62] . Our observations support the hypothesis that the downstream metabolite changes related to Cbl deficiency, and mostly homocysteine, may trigger vasculopathy either by hastening atherosclerosis [63] or by creating thrombophilic conditions [64] .
The dissociation between neurological and hematological systems involvement also raises an interesting point. Hematological impairment has been thought to start early and precede neuropsychiatric manifestations, typically in the context of subacute combined degeneration, in patients with Cbl deficiency [65] . However, an increasing number of patients have been reported to have neuropsychiatric presentations in the absence of abnormal hemograms [9, 66] . The exact mechanisms determining whether the clinical phenotype will be predominantly neuropsychiatric rather than hematological, or vice versa, remain to be elucidated. Several animal studies have reported that severe neurological deficits related to Cbl deficiency may be induced in the absence of abnormalities in the blood or bone marrow [67, 68] . The dissociative presentations may be partly explained by the distinct biochemical properties of two active forms of Cbl, methylcobalamin and adenosylcobalamin. Methylcobalamin and folate undergo interlocking reactions accounting for deoxyribonucleic acid synthesis in cells where chromosomal replication and division occur, most notably in hematological systems [69] . Whereas, adenosylcobalamin acts as a coenzyme for methylmalonyl coenzyme A mutase, a process which is unrelated to folate in the synthesis of fatty acids in the myelin sheaths that surround nerve cells [70] . The aim of the current study was to present clinical and neuroimaging information, so that identifying the determining biochemical factors related to the clinical phenotypes is beyond the scope of this study.
A trend of female predominance among good responders would be another interesting point (the response rate in male/female patients = 33.3/66.6%). The gender effect toward Cbl status is complex and remains to be elucidated. On the basis that women have a higher Cbl level than men across age and race categories [71] [72] [73] [74] , female gender might be associated with neuroprotection and better clinical prognosis. An increment in serum estradiol caused by shortterm multi-vitamin supplementation including Cbl was reported from a study recruiting 20 postmenopausal women [75] . However, the biological interactions may vary according to exogenous or endogenous properties of sex hormone. Hormonal contraception has been reported to cause serum Cbl to decrease [76] . Although several studies suggested redistribution of Cbl to be the biological process responsible for clinical observations [77, 78] , other studies argued such hypothesis and proposed a deficiency in the level of serum Cbl binders resulting in a false low Cbl to be the reason for subclinical biochemical changes [79, 80] . To sum up, our study results reflected the possibility that the bioavailability and/or concentrations of Cbl might be modulated by sex hormonal status.
There are several limitations to this study. First, similar to most other studies investigating the relationships between Cbl deficiency and cognition, excluding comorbid neurodegenerative diseases, and especially AD, is of great clinical challenge. However, the likelihood of such diseases being present in our cohort is relatively low, as initial brain MRI of our patients showed no obvious volume reduction within medial temporal lobes, and the changes in cognitive profiles after therapy were very different from those observed in the treatment responses of patients with AD. Second, it remains to be clarified to what extent the levels of Cbl, folate, and cognitive impairment are associated. Although deficiency of Cbl and/or folate is a reasonable cause for cognitive decline, a low nutritional intake could also be the consequence of impaired cognition. Third, as a certain number of our patients had lacunar strokes, comparisons of cognitive profiles/therapeutic responses between groups with similar WMH loads but different serum Cbl levels would also have been of value to confirm the causality between Cbl and cognition. However, as a considerable portion of responders showed robust reversal or maintenance of cognition, we believe that our observations are primarily relevant to a low Cbl status. Fourth, although generalization of the results of current study would warrant future researches of larger sample size, we suggest that serum folate level and WMH load in patients with Cbl deficiency could serve as pertinent markers in predicting therapeutic responses due to larger effect size as evident from statistical analysis.
Conclusion
In conclusion, among the variable clinical phenotypes related to Cbl deficiency, a high prevalence of cognitive deficits, recurrent stroke, Neurological presentations and therapeutic responses to cobalamin deficiency and major intracranial artery occlusion relevant to the index events warrant further research. We found dissociation between involvement of the nervous and hematological systems. Except for vegetarians (dietary deficiency) and long-term metformin users (food-cobalamin malabsorption), a considerable subset of patients had no identifiable predisposing factors according to their medical history, indicating the need of more extensive evaluations among patients refractory to supplement therapy. Although Cbl supplement therapy led to positive and possibly domain-specific benefits on cognition, the therapeutic responses were modulated by serum folate level and initial WMH load. A serum folate level between 16.8 and 24.6 ng/mL led to a synergistic benefit on cognition during Cbl supplement therapy. Greater total WMHs and DWMHs were associated with unfavorable therapeutic response. Comprehensive assessments of serum folate level, WMHs, and exclusion of atrophic gastritis are advised for patients with a poor response to Cbl supplement therapy. 
